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SYLVESTER MEMORIAL. 


An appeal has been issued to the friends and admirers of the late Profes- 
sor Sylvester to assist in founding a suitable memorial in his honor. The 
intention is to establish a Sylvester medal for the encouragement of mathe- 
matical research, to be awarded triennially and open to all mathematical workers 
without respect to nationality. It is estimated that a capital of five thousand 
dollars will be sufficient for the proposed endowment, and of this about one- 
half has already been subscribed. The Royal Society of London has expressed 
its willingness to accept the trust and to award the medal. The project has 
been placed under the management of an International Committee, including 
a number of Americans, among whom are President Gilman, of the Johns 
Hopkins University, Professor Simon Newcomb, Professor J. Willard Gibbs, 
and Professor J. M. Peirce. Subseriptions may be sent to and will be ac- 
knowledged by Dr. Cyrus Adler, Smithsonian Institution, Washington, or Pro- 


fessor G. B. Halsted, Austin, Texas. 
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EXAMPLES OF THE CONSTRUCTION OF RIEMANN’S SURFACES 
FOR THE INVERSE OF RATIONAL FUNCTIONS, BY THE 
METHOD OF CONFORMAL REPRESENTATION. 


By Mr. Cuas. L. Bourton, Cambridge, Mass. 


With an Introduction by 


Pror. Maxime Bocuer. 


The subject of Riemann’s surfaces is ordinarily introduced by examples 
of functions which come under the general type: (2 — «,)" (< _y 
(2 — a,)* where a, ... 4, are rational numbers (ef. for instance Neumann's 
Abelsche Integrale). The surface in these cases can be constructed without 
difficulty, because it is easy to see how the different branches of the function 
go over into one another when we let 2 move around one or more of the points 
d,, @,...@,. The method here used can theoretically be applied to the con- 
struction of Riemann’s surfaces for any algebraic function explicit or implicit. 
In all except the simplest cases, however, the work of following the different 
branches of the function from one point to another becomes so complicated 
that the method, though essential to the proof of the ea/stence of a Riemann’s 
surface, is of little practical use in its construction, at least until it has been 
perfected by the addition of some method (for instance that of Puiseux) for 
the discussion of the singular points. 

When, however, the algebraic function for which the Riemann’s surface 
is to be constructed is the inverse of a single valued i. e. of a rational function 
a different and very instructive method of construction can be used. This 
method consists in mapping the images of the various sheets of the Riemann’s 
surface on the plane of the independent variable and from the figure thus 
obtained deducing the connection of the sheets. I believe that this method is 
eminently suited to elementary instruction. I know, however, of no place 
where it is clearly set forth except in Klein’s lectures on the Theory of Fune- 
tions, delivered in Leipzig in 1880-81 (lithographed 1892),* and even here the 
number of examples treated is too small for the needs of the American student. 
I hope, therefore, that the following treatment of the subject by Mr. Bouton, 
accompanied as it is by a rather extensive set of illustrative examples, some of 


*In almost all books on the theory of functions the conformal representation of the sheets of 
Riemann’s surfaces is considered more or less explicitly. This method of conformal representation 
is not, however, usually regarded as a means of constructing the Riemann’s surface, nor is it treated 
in as elementary and extensive a manner as it would seem to deserve. As tothe importance of this 
method for transcendental functions cf. for instance Klein-Fricke: Modulfunktionen. 
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2 BOUTON. CONSTRUCTION OF RIEMANN’S SURFACES 


which are extremely elegant, will prove a welcome addition to the literature of 
the subject.* 

The following is an abstract of the principles used: 

Let w = f(z) be the rational function whose inverse is to be studied. We 
consider two planes in which we represent the complex quantities 2 and w and 
which correspond to one another point for point by means of the above rela- 
tion. Tnstead of these planes it is frequently more convenient to consider two 
spheres obtained from the planes by stereographie projection. The advautage 
gained by this is that 2 = # and w »® correspond to definite points on the 
spheres (the north poles). Although this is not the case for the planes, it is 
customary even here to speak of the point at infinity in each plane as corre- 
sponding to these values. It is well known that angles are not changed by 
stereographic projection, so that the angle between any two intersecting curves - 
on either of the spheres and the angle between their stereographie projection 
on the corresponding plane will be the same. An exception of course occurs 
when the curves intersect at the north pole of the sphere, for in this case the 
stereographic projections do not intersect at all. Even here, however, in order 
to avoid exceptions it is customary to say that the two curves in the plane 
make wf sufuity the same angle which their stereographic projections made at 
the north pole of the sphere. By means of these conventions it is possible to 
avoid the use of spheres for most purposes. 

The theorem upon which all that follows is based is that an angle in the 
>-plane is equal to the corresponding angle in the -plane except when the 
vertex of the angle in the z-plane lies at one of a finite number of points known 
as critical pots. Leaving aside for the moment the point 2 = #, which may 
or may not be a critical point, it is found that if 7 (2) is an integral rational 
function the critical points are given by the roots of the equation 7(z) = 0, 
while if, 7(2) is a fractional rational function ¢(2)/¢ (2) (g and ¢ integral and 
without common factor) the critical points are the roots of the equation 
gy — gg = 0 (accents denoting differentiation). A critical point which occurs 
p times as a root of one of the above equations is known as a critical point of 
the pth order. Angles at such a point will correspond to angles in the w-plane 
p + 1 times as great. From this it follows that the point in the -surface 
corresponding to a critical point of the pth order will be a branch point at 
which p + 1 leaves of the surface are connected i. e. a branch point of the 
pth order. 


Coming back finally to the point 2 = o we see by making the transfor- 
mation 2 = 1/2 that angles at this point either remain unchanged in the 


*It seems hardly necessary to say that the number of examples far exceeds the needs of any 


single person. 
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BY THE METHOD OF CONFORMAL REPRESENTATION. 


w-plane, in which case z = @ is called an ordinary point, or are multiplied 
by a positive integer » + 1, in which case the point 2 = o is called a critical 
point of the pth order. If z = o is a critical point of the pth order it will of 
course correspond (like any finite critical point of the pth order) to a branch 
point of the pth order in the w-surface. Instead of treating the point 7 = « 
in each case by means of the transformation 2 = 1/2 it is more convenient to 
use the general and easily established theorem that the sum of the orders of 
adi the critical points of a rational function of the 7th degree* is 2n — 2.) This 
theorem enables us, after having obtained by the method already explained the 
orders of the finite critical points, to write down at once the order of the point 


Integral Rational Functions. 
Let 


az” + az" 


(where we suppose that @,) is not zero) be the rational function for whose in- 
verse the Riemann’s surface is to be constructed. The first step is to find the 


finite critical points as roots of the equation : 


From the degree of this equation we see that the sum of the orders of the finite 
critical points is » — 1 so that the point 2 = » is a critical point of order 
n—1. Having computed the values of the critical points we get at once by 
substituting them in (1) the corresponding branch points. In particular we 
see that to the critical point z 2 corresponds the branch point of the 
(n 1)st order w 

To a given value of ~# correspond in general » distinct values of 2 which 
we obtain by solving (1). If, however, we choose as the value of 7 a branch 
point of the pth order p + 1 of these values will coincide with the critical 
point of the 2-plane to which the branch point in question corresponds. The 
remaining “ — p 1 values will, however, in general be distinct from each 
other and from the critical points.t We shall tind it convenient to plot in the 
z-plane not only the critical points but also these non-critical points which cor- 
respond to the branch points. 

Let us draw lines in the w-plane connecting the finite branch points with 

* By the degree of a rational function of 2 is meant the highest power of 2 which occurs in 
either numerator or denominator when the function has been reduced to the form ¢/¥. 

+ It may of course happen (cf. the first example given) that two or more distinct critical points 
correspond to one and the same value of wi.e. the Riemann’s surface may have two or more 


branch points coincident in position but connecting different sheets. ‘The number of non-critical 
points corresponding to this value of w will then be correspondingly reduced. 


| 
z-= @. | 
) 
| 
| 
‘ é 


4 BOUTON. CONSTRUCTION OF RIEMANN’S SURFACES 


the point “ = om». These lines may be drawn arbitrarily provided that no one 
crosses itself and no two cross each other. Let us now spread 7 smooth sheets 
over the w-plane and cut through all of them along the lines just drawn. The 
problem is to so reconnect the cut edges as to make the desired Riemann’s 
surface ; the lines along which the sheets were cut thus forming the junction 
lines. 

The form above indicated for the junction lines is only one of many pos- 
sible forms. It may for instance be convenient to connect the finite branch 
points in suecession and connect some point of this line with the point at 
infinity; or still other forms may be taken. All that is essential is that Ist 
the lines do not cut the plane into two distinct parts ; 2nd it should be possible 
to pass from any branch point to any other branch point by going along the 
line (after it has been projected onto the sphere). The particular form of 
junction lines to be chosen depends on the function whose surface is being 
constructed. For most of the functions which occur in this paper a part of 
the axis of reals can be used to advantage. 

Having drawn the junction lines the next thing to do is to find their 
images in the 2-plane, i. e. curves consisting of the aggregate of all those points 
in the 2-plane whose values substituted in (1) will give a value of w lying on a 
junction line. The method of finding this image can best be described in a 
concrete example, but it is clear that the image will pass not only through the 
critical points of the z-plane but also through the other points which corre- 
spond to the branch points. 

The parts of the image corresponding to the different sections of the june- 
tion line should be marked in some distinctive manner, for instance, by different 
colors, or as in the drawings of this paper by means of dotted lines of various 
kinds. It will then be found that the 2-plane is divided into ~ distinct parts 
by means of these dotted (or colored) lines. Each part corresponds to one 
sheet of the w-surface. The parts are numbered arbitrarily to correspond to 
the sheets of the ~-surface. Having done this the sheets can be reconnected 
so as to form the desired surface. The manner in which this connection is 
determined will be explained in detail in the examples given. In getting it 
the work is facilitated by dividing each sheet of the -surface into two or more 
parts by shading, and finding the image of this shading on the 2-plane. 

Kxvample. Let us form the Riemann’s surface for the function 


w= 


We must first get the critical points. They are (apart from the critical point 
2== » which we shall not need to consider explicitly) the roots of 


=4(2% —2)=0. 
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BY THE METHOD OF CONFORMAL REPRESENTATION, 5 
z = 0,1, — 1, are the finite critical points, each of the first order. 


The critical points, branch points, and values of 2 corresponding to the branch 
points are as follows: 


Branch point 


Cotten point Order. es Corresponding values of 2. 

1 1 1 ) 
1, 

1 


Plot these values of z in one plane, and the values of /” in another plane 
(see Fig. 1). From the branch points, 0 and — 1, draw the junction lines along 


—---B 
{ W: Z*-22° 
{ 
\ 
U Z-PLANE 
j 


Ficure 1. 


the axis of reals to infinity. In Fig. 1 these have been marked by two kinds 
of broken lines, A and B. These lines are supposed to be cuts through all 
four sheets. We must next find the image of these junction lines. To do this 
find the image of the whole axis of reals. 
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6 BOUTON. CONSTRUCTION OF RIEMANN’S SURFACES 
Let 
The function becomes 
u + = (r+ + yi) 
(x* y' 27°) Ary’ - 4x7) 
The equation of the axis of reals of the w-surface is » = 0. Therefore 
the equation of its image is 
4 ary (a? 1) 
This breaks up into = 0, = 0, and — 7? = 1. That is, the image on 


the z-plane of the axis of reals of the -surface consists of these three loci. 


This image is next plotted in the z-plane (Fig. 1); it is first put in in ordinary 


line, and then the marking is determined. 


Having the image of the whole axis 


of reals we must find the parts of it which form the image of the two junction 


lines A and B. 


ing the corresponding movement of w. 


This is done by letting 2 trace out the image curve and follow- 


This movement is readily followed 


when we remember that angles are preserved except when 2 is at a critical 
point, when they are changed in the manner already described. In this exam- 


ple suppose 2 is very large, real, and positive. Then 7 is large, real, and posi- 


tive, and is on the line B. Hence the part of the image in which 2 is must be 


trary motion to 2, 


marked Now let us follow the motion of the two points, giving an arbi- 
and determining the motion of 7. 

Let 2 decrease from its initial value; # will do so also. When z= , 2, 
mw 0 (see table). As this is an ordinary point of the 2z-plane angles are 


preserved, and as 2 continues to move to the left so must “. w now enters 
the unmarked region, and therefore z does the same. As 2 moves to the left 
When z = | Ww — 1. 
a critical point of the rst order, and an angle of the w-plane is double the 


Hence if 


- 1 make an angle of 90° the corresponding 


3. 2 is now at 


from | w moves to the left from 0. = 
corresponding angle of the 2-plane having its vertex at this point. 
the two portions of the 2 path at 2 
parts of the ~ path form an angle of 180°; so that if 2 turns up or down on 


= — 1, and 


the hyperbola at 2 = 1, ~ will continue to move to the left at w 
w enters the region A. As Zz moves out indefinitely on this branch of the 
hyperbola, «7 moves to— along the axis of reals, since there are no more 
Therefore this branch of the hyperbola is 


If z at this point had made an angle of 


critical points on the hyperbola. 


marked A. Return now to z= 1. 


180° instead of 90° (i. e. if 2 had gone straight on to the left), then # would 
have formed an angle of 360°, and would have turned back atw=—1. w 
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BY THE METHOD OF CONFORMAL REPRESENTATION. 


travels then from — 1 to 0, and hence from z = 1 to z = O the axis of reals is 
unmarked, 2 = 0 is a critical point of the first order, and if 2 at 2 = 0 turns 


up or down through 90°, v at w = 0 will go straight on, or into the region 7, 
since is now moving to the right; and therefore the whole of the axis of 
imaginaries of the z-plane must be marked &. The marking of the rest of the 
image is found in the same manner. Or it may be obtained by revolving that 
already found through 180° about the origin. This is seen to give the right 
result by noticing that if for z we substitute — 2 the value of ~ is unchanged. 

The 2-plane is now divided into four distinct regions by the marked lines. 
In the figure the boundaries of these regions have been made heavier than the 
rest of the marked lines. The lines 7 inside of the hyperbola do not bound 
regions, for it is possible to pass from one side of such a line to the other by 
going around its end: + , 2. These four regions are numbered arbitrarily 
I, I, 11, LV as shown, and each corresponds to a sheet of the w-surface. 
Shade the upper half of each of the sheets of the -surface and get the image 
of this shading. This is readily done, for the boundary of the shading in the 
w-surface is the axis of reals and therefore the boundaries of the shading in 
the z-plane must be the image of the axis of reals. This image divides the 
2-plane into eight regions, half of which are shaded and the other half un- 
shaded. To determine the shaded regions, let z have a large, real, positive 
value, and diminish. Then ~ is large, real, and positive, and is diminishing. 
w during this motion has the shaded region to the right, and therefore, since 
angles are unchanged in direction as well as in magnitude, the shaded region 
is to the right (as z diminishes) of the distant portion of the axis of reals of 
the z-plane. This shows which part of region I of the z-plane is shaded. If 
we follow a small closed contour around a branch point of the w-surface the 
shaded and unshaded regions alternate. Hence in following a small closed 
contour around a critical paint the shaded and unshaded regions must alter- 
nate. We can then get all the shading in the z-plane when we have one shaded 
region by making the shaded and unshaded regions alternate about the critical 
points. This completes the figure for the z-plane. 

Having now the shading for the z-plane, we find how the cuts in the 
w-surface along A and B must be reconnected. Take the cut B which is 
along the axis of reals from 0 to + ». An examination of the z-plane shows 
that it is possible to cress a line B in going from shaded I to unshaded I; 
therefore in the -surface sheet I must be reconnected across the cut B. In 
the 2-plane we can also cross a line B in going from shaded II to unshaded 
IIT, and in going from shaded III to unshaded IT; hence sheets II and III 
of the w-surface are connected along the junction line B. In the 2-plane we 
“an pass from shaded to unshaded IV across a line B, and sheet IV of the 
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5 BOUTON. CONSTRUCTION OF RIEMANN’S SURFACES 


w-surface is reconnected along the junction line B. This gives the cross- 
section of the junction line B, as shown in Figure 1. The cross-section of A 
is found in a similar manner. We have now formed the Riemann’s surface 
for the inverse of the rational function: # = z'—2z2*. This Riemann’s sur- 
face has the peculiarity of having two distinct branch points, one above the 
other at # —=—1. The upper branch point with the junction line running 
out from it connects sheets Land IT, while the lower connects sheets IIIT and 
IV. There is no connection between the upper and the lower pair of sheets 
along ¢A/s junction line. If, however, we go to junction line B we see that 
sheets I] and TIT are connected, so that the surface cannot be separated into 
two parts. 

Whenever a Riemann’s surface for an integral rational function is to be 
constructed practically this same work must be performed. In some examples 
certain steps may offer more difficulty, particularly in the matter of finding 
the equation of the image of the junction lines, or in plotting the locus of this 
equation when found. In some cases the function may be such that a very 
symmetrical surface can be formed, and by noticing this much labor can be 
saved. 

Krample. Form the Riemann’s surface for 

1: . 


We have du 
dz 


Then the table giving critical points, etc., is found to be: 


Branch point 


Critic: oint 
pom" Order. Corresponding values of 2. 
] 3 i; 3, 2 
w l w,0,(—1+ V2)e 


In this table » is an imaginary cube root of unity. These points are 
plotted in Fig. 2. Draw the junction lines through the branch points to in- 
finity along lines radiating from the origin. In the figure these have been 
marked as the lines A, B, C. The image of the whole axis of reals is found to 

—1 


be y = Oand 7’ = The curve 7° consists of three distinct 
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BY THE METHOD OF CONFORMAL REPRESENTATION. 9 


branches having the axis of imaginaries and two lines through the origin bisect- 
ing the angle between the axes as asymptotes. It can easily be picked out in 
the figure by means of the asymptotes. The marking of the axis of reals and 
of the right-hand branch of this curve are determined as in the first example. 
To get started on the other branches suppose that 2 is very large and pure 


8 


~< 


Figure 2. 
imaginary ; then « will be very large real and negative. Now let 2 move in 
along the curve (which has the positive half of the axis of imaginaries as 
asymptote). will move along the axis of reals from a large negative value 


toward the right. When z= — 1 + 1 27, 3. This value of z is not a 
critical point, so that as 2 moves on w will go on into the region A, and the 
rest of the branch must be marked A. The lower branch is marked in the 
same manner. We have now the whole image of the junction line A. If we 
proceeded directly to find the image of the other junction lines the work would 
be difficult. But we see that in the w-plane there is a sort of triangular sym- 
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10 BOUTON. CONSTRUCTION OF RIEMANN’S SURFACES 


metry, that is the ~-plane is divided into thirds by the junction lines, and one 
part can be obtained from the other by rotating about the origin through angles 
of 120°. This suggests that it may be possible to obtain the image of the other 
junction lines by revolving the image already found through 120°. That this 
is the case may be shown as follows. If we let 2 = wz, 2’ is at the same dis- 
tance from the origin as z, but the angle of 2 is 120° greater than that of 2, i. e. 


2’ is obtained from z by rotating through 120° about the origin. Then if 


woe — 42 
and w’ = — + 4e’, 
then uw’ = — (wz)! + = wo (— 2 + 42) 
== 


Hence if the z-plane be rotated through an angle of 120° about the origin, the 
w-plane will be also, and the triangular symmetry of the 77-plane extends to 
the z-plane. Hence to get the image of the junction line C rotate the image 
of the junction line A through 120° about the origin, and to get the image of 
junction line B rotate that of A through 240° about the origin. We now have 
the images of all the junction lines. The 2-plane is divided into four and only 
four distinct parts by the images of the junction lines; that is by the marked 
parts of the curves. The dotted lines inside of the large branches do not 
bound regions, as we can pass from one side of such a line to the other by 
going around its end. These four regions are numbered arbitrarily I, I, II, 
[IV as shown, and each corresponds to a sheet of the -surface. The boundary 
lines of the regions are made heavier than the other lines. 

The w-surface has been divided into three regions by shading. The image 
of this shading on the z-plane is readily found by letting 2 move along the 
various curves of the ¢-plane, following the motion of the corresponding point 
in the -r-surface, and putting the shading in the z-plane to the right or left of 
the path, according as the shading is to the right or left of the w-path. The 
result is shown in Fig. 2. Having this shading the connections of the sheets 
along the junction lines can be found at once, and the Riemann’s surface is 
complete. 

Problems. 

Construct the Riemann’s surface for 


l.w = — 24+ 382. [See Klein, Punk. th., p. 72.] 
2” + 52. 
3. w = 22° — 52’. 


If there are critical points of order higher than the first the work is prac- 
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BY THE METHOD OF CONFORMAL REPRESENTATION. 11 


tically the same. Often it is better to use polar coérdinates in finding the 
image of the junction lines. The following is an example of such a function: 


w= + 


dw _ 92 (2 +1) =0 
dz 


gives the critical points < = 0 of the third order and z = — 1 of the first 
order. The branch points and corresponding values of 2 follow : 


point Order. point Corresponding values of 2. 
0 3 0 0, 0, 0, 0, 
—] 1 +] 1, 1, + 0.61, + 0.07 + 0.647 


Since both the branch points lie on the axis of reals we can with advan- 
tage take the junction lines along the axis of reals, as in Fig. 3. We therefore 
must find the image of the axis of reals. If this be done in rectangular codr- 
dinates the work is rather long, and even when the equation has been obtained 


the shape of the curve is not easily seen. Let us use polar codrdinates. Then 
z2=r(cos¢ + ising) = 
“e+ v= 42 + 52 = 4 5 re 
= (47° cos 5¢ + 5r' cos 4y) + (47 sin 5¢ + sin 4¢). 
v = sin + 5 sin 4¢) . 
4r sin 5g + 5 sin 4g — 0, 
is the equation of the image of the axis of reals. It is satisfied by ¢ = 0, or 


the axis of reals of the z-plane, and by the curve 


5 sin 4¢ 
4 sin 5g 


r= - 


This curve evidently has four asymptotes parallel to the lines 


k= I, 2,3, 4. 
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12 BOUTON. CONSTRUCTION OF RIEMANN’S SURFACES 


It will be found that these asymptotes all pass through the point 2 = — }.* 
Since the point 2 = 0 is a critical point of the third order the angles formed by 
the branches of the image passing through this point must be one-fourth as 


al 


W=42°+5Z* 


7 


t 


Figure 3. 


great as the angle in the -v-surface. Hence the different branches of the image 
form angles of 45° with one another at the origin. Having these angles and 
the asymptotes the curve can be sketched in roughly, and this as a rule is all 
that is needed in constructing the surface. The carefully drawn curve is shown 
in Fig. 3. After getting the image the remaining work is the same as in the 
earlier examples. Of course it must be noticed that when z = 0 angles in the 
w-surface are four times the corresponding angles of the z-plane, and that 
when 2 = — 1 the angles are multiplied by two. In the cross section of the 
right hand junction line it will be noticed that sheets III and V in running 
into one another are obliged to pass through sheet [V. We must suppose, 
however, that IV has no connection whatever with III and V along this junc- 
tion line. There is no objection to this, but if we wish it can be avoided by 
numbering the regions of the z-plane differently. Thus if IV be changed into 


* Concerning the asymptotes in such cases as this cf. F. Lucas: Géométrie des polynomes, Jour- 
nal de l’Ecole polytechnique 1879. 
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BY THE METHOD OF CONFORMAL REPRESENTATION. 13 


I, I into II, IIT into III, and III into IV, sheets ITV and V will be connected 
along the right hand junction line and the other three sheets will lie smoothly 
above this junction line. The left hand junction line is unchanged by this 
change of numbering. 

Example. Form the Riemann’s surface for 


w = 102° — 242 + 152*. 


Critical point Branch point 


Order. Corresponding values of 2z. 
12 + | 
0 0, 0, 0, 0, 
0 3 ( 10 | 
1 2 1 1,1, 1, — 0.43, — 0.08 + 0.472 
fy 
+4 
VWW-SURFACE. 


Ficure 4. 
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Here again polar coordinates can be used to advantage, and the image of 
the axis of reals is found to be : 


107? sin 6¢ — 24r sin 5¢ + 15 sin 4g = O. 


The complete figure is shown in Fig. 4. 


The work of constructing a Riemann’s surface may often be simplified by 
the following considerations : 
Suppose that the function is of the form 


where / is any integral rational function, and / and / are integers. The crit- 
ical points are given by 


dz 
The origin is a critical point of order (4 — 1) unless / = 0, in which case it is 
in general of order (£4 — 1). The remaining critical points are spread on cir- 


cles having the origin as center, at angular intervals of hE? for if 2, is a root 


of (3), az, must also be a root, where a* = 1. The branch points correspond- 
ing to these critical points will also be spread uniformly on circles. The 


angular interval will be / if /is prime to/. If Z is not prime to / the angular 


Dap 
i} . If in the a-surface the junction lines from 


these branch points be so drawn that all can be obtained from one by revolv- 


interval will be a multiple of 


ing it about the origin through suitable multiples of , their images on the 


2-plane can be obtained from one another in the same manner, and the figures 
will have symmetry of the sort that a regular 4-sided polygon has, and may 
therefore be said to have “ 4-sided polygonal symmetry,” or simply “ 4-sym- 
metry.” If / is not prime to / there will be a number of distinct branch points 
one above the other for certain values of w. If 4 is even the figure has central 
symmetry. Use has already been made of this principle in the example 
we + 4).2=>f(2).2. Here there is triangular sym- 


metry. 


: 
| 
| 
| 
| 
| 
| 
be 
\ 
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Problems. Form the Riemann’s surface for 


w = 32 


2. oe 52° 

3. w = 62? — 15z* + 102’. 

4. w = 3 (382 — 102 + 152). (See Klein, unk. th., p. 78.) 
5. w = — 32‘ + 32" 

6. u 2 + 42° — 62* z 


9, w = — 212 852° — 352). 
Fractional Rational Functions. 


We write these functions in the form “ = ¢ (2)/(' (2) where ¢ and () are 
integral rational functions without common factor, and determine the finite 
critical points by means of the equation 


, 


As the chief difference between this case and the case of integral rational 
functions already discussed is that the points 2 = 0 and w= o are not 
necessarily critical and branch points respectively, it will not be necessary to 
preface the treatment of examples by any general discussion beyond that given 
in the /ntroduction. 


Evample. Form the Riemann’s surface for 


— od’ = 82° (1223 4+ 122) — 2427 + — 1) 


Hence the finite critical points are 0,1, — 1, each of the second order. The 
sum of the orders of the finite critical points is 6 = 2(4 — 1), and hence 
z= @ is not a critical point. The table is: 


1 
15 
| | 
| 
3 
1. w= (2 1+ 1. 
8. w = (22) — 142). 
| ag 
| 
W4 
32 Oz 1 
Oz 
94: (2 = 1) . ° 
& 
| 
' 2 
\ 
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Critical point Order. Branch point Corresponding values of z. 


z. w. 

0 2 0,0, 0, 

1 | 2 1 i, 4 


Since the branch points are all on the axis of reals the junction lines may 
be taken along the axis of reals as shown in Fig. 5. The image of the axis of 
reals is readily found to consist of 
sin ¢ 


The different branches of this image form angles of 60° at 0,1, — 1. 


ths 
; 
Lig 


QQ 


Ficure 5. 
The work of forming the surface is precisely the same as in the earlier exam- 
ples, and should offer no difficulty. The result is given in Fig. 5. 
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To show the effect of drawing the junction lines for one and the same 
function in various ways consider : 


The critical points, ete., are as follows, » being a complex cube root of 
unity : 


oO 


1 2 1 1 

wo | W, wo 
2 | w w w — w 


symmetry. In 


Z- PLANE. 


Figure 6. 


| 
The form of the function shows that there is triangular [RR ¢ 
OY 
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the w-surface draw lines from the origin to each of the branch points as the 
first method of drawing the junction lines (Fig. 6). Since part of the junction 
line lies along the axis of reals, we must find the image of the axis of reals. 


It is found to consist of 


O and 7’ = 3 cos ¢ — 2 cos’ ¢ + sin 4 cos’ ¢ cos’ 


The curve is that one of the three shown in Fig. 6 which passes through 

1. The other two are obtained by revolving this one through angles of 
120° and 240° respectively. The figure is completed in the usual manner. 
It should be carefully noted that the origin of the w-surface is not a branch 
point. This method of drawing the junction lines from some point not a 
branch point to the various branch points frequently adds to the symmetry of 


the figure. 


lor this same function = 5_, J the junction lines might have been 
Lp, 
VN > 
\ W-SURFACE. 


Z-PLANE.. 
th 
J V2» 


F1GuReE 7. 
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drawn along the unit circle, as indicated in Fig. 7. To get the image of the 
unit circle proceed as follows : 


2=— re, 
u+v= + Qrer 
v= 
. 2 9,° (e3¢t 1. 4 2 
47" (e* + | 


+. 47° cos 3¢ 4r° 

w= 4 ‘ $ 4) 
47° + 4r° cos 3e¢ 4+ 1 

The equation of the unit circle in the -surface is v2? + v?>—1. Hence 


the equation of its image is 


r + 47° cos + 47° 1 
4r° + 4r>cos3¢ +1’ 


or 
(r* — 1) + 49° — 1) cos — — 1) = 0. 


Since (7? — 1) is a factor of this it follows that the unit circle of the 
z-plane forms part of the image of the unit circle of the w-surface. The 
remainder of the image is the curve 


(7? + 1) — 47° + 1) + 47° cos = 0. 


This curve is plotted in Fig. 7. It has three loops and passes through 
the points 1, w, w*, at which points it forms angles of 60° with the unit circle. 
The next thing is to get the parts of this image corresponding to the two june- 
tion lines of the w-surface. After getting started on the marking the rest of it 
is found in the same manner as in the earlier examples. ‘To get started let 2 
move from z = +- 1 in a positive direction around the unit circle. will then 
start from «w= 1 and move in one direction or the other about its unit circle. 
To determine which direction we observe that when z passes through 1, — w*, 
and w in succession # passes through 1, + o*? and @ in succession. There- 
fore when 2 starts out in a positive direction from 2 = + 1, w starts out in a 
negative direction from w = + 1. Knowing this the rest of the marking and 
shading is put in by using the principles already given. A comparison of Fig. 


| 
t 
| ¥ 
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| 
| 4 
| 
4 
| 


20 BOUTON. CONSTRUCTION OF RIEMANN’S SURFACES 


6 and Fig. 7 will show the wide difference which can be made in the appear- 
ance of the Riemann’s surface, and in the corresponding division of the z-plane 
by the choice of junction lines. 
As a final example take 
2+ 


The finite critical points are the roots of 


@, 


Sat 


e4, e4, €4, and ef, 


each of these being of the first order. The sum of the orders is 4 = 2 (3 — 1), 
and hence 2 = # is not a critical point. After rather long reductions we get 


the following table : 


Critical point Branch point Corresponding 
Order. 
w. values of 2. 
ri mi 197i 
e4 1 el2 e4, e4, 
317 3ri 3ri 
e 4 l e 12 e4,¢e4, e12 
e4 1 12 e4,¢e4, e12 
e4 ] 12 e4 e4 el 


These points are easily plotted, for e* is that point of the unit circle whose 
angle is ¢. Since all the branch points are on the unit circle, draw the junc- 
tion lines along the unit circle (Fig. 8). The image of the unit circle is found 


to be the unit circle of the z-plane and the curve 


| 1 3 cos 2g + 1/3 cos’ 29 — cos 2. 


The figure is then easily completed. 
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Problems. Construct the Riemann’s surface for : 


9 4] 2 32” 


3227. as — 


95 1 4 

4. = — 3 8. wo = » 
52* 52° l 


* Cf. Holzmiiller’s /sogonale Verwandtschaften, p. 224. 
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— 32 + B2° + Se 
5z 3 oz' + 3 


2 + 52? _ 52 + 62 — 1 
10. w = 17. © = —— 
/ Se" + ¢ 
Vy 32? — 2 (382 + 1) (2 — 1) 
‘ 8z 2° 523 
62° 3 vy 52? —1 
3z 2 + (1 + 2)4 62 + 22 
ast 
15. w= 3 23. w= - 


23. w= 


An important class of functions is that known as the “ Double Pyramid 
Functions.” The general form is w = 4 (2" + 2"). These functions are so 
called because if the junction lines be taken along the axis of reals and the 
resulting 2-plane be projected on the sphere, this sphere will be divided as by 
a regular inscribed double pyramid. (See Klein, Huns. th., pp. 97-103.) 


Problem. Form the Riemann’s surface for 


te 


These functions form only the simplest case of the funetions of the regu- 
lar solids concerning which the reader may be referred to Forsyth’s Theory 
of Functions, pp. 064-573, and to Kleia’s Vorlesungen ther das [kosaeder. 

We close with a few remarks of a general nature : 

Two functions may be said to be of the same ¢ype when one can be trans- 
formed into the other by linear transformations of w and z. A linear trans- 


az + [3 x 
ye + 


«For a full discussion of the linear function see a paper by Cole, Annals of Mathematics, Vol. V. 


formation is one of the form z, = A transformation of this kind 


é 
i 
t 
| 
ie 
2 . . 
+ (1 + 2)2 +42 
= 
az 
{ 
2 
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does not change the angle between any two intersecting curves, and a circle 
(of finite or infinite radius) is changed into a cirele. Although in the plane a 
figure may be completely changed by a transformation of this kind, on the 
sphere its appearance will not be material/y changed, even though its size and 
shape in general are changed. Linear transformations of the dependent and 
independent variables simply move the critical and branch points without 
changing their number or order, do not change the connection of sheets along 
junction lines, and two distinct points cannot be made to coincide. If then 
we know the Riemann’s surface for any function, the general form of the curves 
on the two spheres for all functions of the same type is known, and by pro- 
jecting the spheres back on the plane the general form of the Riemann’s sur- 
face for all functions of the same type is at once obtained. Those transforma- 
tions which simply rotate the sphere about some diameter are particularly useful. 


1 
_ rotates the sphere 180° about the diameter joining 


~ 


+ 1,—1. If we compare examples 1 and 14 of the preceding list, we 


The transformation 2, 


see that one is obtained from the other by substituting — for 2; therefore if we 


have the figure for either function the figure for the other can be obtained by 
rotating the z-sphere through 180° about the diameter joining + 1 and — 1, 
and projecting the figure back on the plane. The w-surface is to be left un- 
changed. It may be necessary to change both ~ and z; for example if we take 


w, = 2, and substitute 


z—1 
= 
the result is 
ad _| 3- 
= [See example 6. | 
w 1 
The transformation w, = | rotates the w, sphere through 90° about the 


axis joining + 7, — 7, so that 0 goes into — 1, ete. If for w, = 2,° the june- 
tion line be taken from 0 to @ along the positive half of the axis of reals, for 
the transformed function the junction line will still be along the axis of reals, 
but will join — land + 1. For the 2, sphere the image of the axis of reals 
consists of three meridians which divide the sphere into six equal lunes, alter- 
nately shaded and unshaded. Revolving this sphere and projecting on the 
z-plane we get as the dividing lines of that plane the axis of reals, and two 
circles, passing through + 1, — 1, and forming angles of 60° with the axis of 
reals at these points. The marking of the lines and the shading are also 
obtained from the same projection. Thus when once we know that two func- 


— 
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tions are linearly transformable into one another we can very easily get the 
Riemann’s surface and the corresponding division of the z-plane of one from 
that of the ether. 


Greneral Formule. 


All of the examples given in the preceding pages are special cases of some 
of the following functions, or linear transformations of the special cases. It 
would be diflicult to form the Riemann’s surface for most of the functions 
except in the simpler cases, but the critical points and branch points are always 
easily found, and often after some of the simple cases have been constructed 
the general form of the more complicated surfaces given by the same formula 
is evident. 

In all of the functions 4, m, 1, », are any positive integers subject to the 
conditions given. 

lL. Ad/ of the ¢ntegra/ rational functious given are included in 


(— 1)’ n(n — m) (n 2m)...(n — pm) 
Pp! 
where pu ~ (v 1). The finite critical points are the roots of 
2" (e™ 1) p 0 


These critical points are uniformly spaced on the unit circle, and the origin 
is a critical point. The branch points are uniformly spaced on the unit circle, 
and at the origin. 

The writer has not been able to bring all the fractional functions into a 
single form, but the following list includes all the examples given, and some 
for which no special cases have been given. 

If. 

(— 1) p(p —1)...(p—k +1) 


p! ne m 


p—kn 


where < m pn — 1, and m ¢ fn for = 1, 2,...(p — 1). The critical 
points are given by 
m—l (2" 1)” — O 


and z = is a critical point of order #2 — 1. The function is of degree np. 
The branch points are on the unit circle, and atw =o. Ifp=1 andx=2m 
this reduces to the double pyramid function. 


~ 
| 
3 
fig 
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wo (n—k)(n—k—1)| 


—m)! 


2 | ; m 


( 


n 


where 1 < m <x. The critical points are given by 


and 2 = o is a critical point of order (x — 2). The same determination of 


(n—m):. 
| |” is to be used throughout. 


J 
IV. 


Mn. 2” — Vn — Bm 


where 1 < m < (n — 1), and 2% +. The critical points are given by 


m--1 1) =— 0) 


and z = @ is a critical point of order (x — m — 1). 
V 
] +i. + i(n 


(a (14+) 4n+1.2+ 2(n — 8) 


w 


where x > 3. The critical points are given by 


and z = o isa critical point of order (n — 3). 
VI. 
(2m — n) 2" + 
w= 
nz" + (2m — n) 
where 1 < m < (n — 1), and 2m tn. The critical points are given by 


and z = o isa critical point of order (xn — m —1). The branch points are 
on the unit circle, and at 0 and ow. 
VII. 
2n(n — 4m) + n(n — m)2"-™ 


(n — 3m) (n — 4m) 2" — m) + n(n - 
7 n(n — m) 2" — — 4m) 2" + (n — 3m) (n — 4m) 


Or 
25 
¢ 
n—3 | 
(z 1) = 0 
| 
* 
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where 1m go fork = 3,4; — 5. The critical points are 
‘ 


given by 
and 2 = @ is a critical point of order (n — 2m — 1). The branch points 
are on the unit circle, at O and at o. 
VIII. Both VI and VII are included in the following form, but the writer 


has not yet determined the critical points. 


k (- 1)* km 
(Pp [un — km] [n (A+ 1)m]...[n —(k + p)m] 
(- | p-kym 
(P— A) — (p—k)m| [n—(p—k# 4+ 1) mm]... [n— (2p — m] 
where 1 < m < m+ fork = 1,2,...p; anda > 2p +1. 
It seems probable that the critical points are given by 
2 = isa critical point of order (x — pm — 1). 


Harvarp UNIVERSITY, 1896. 
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SOLUTION OF LAPLACE’S EQUATION IN TOROIDAL COORDI- 
NATES DEDUCED BY A METHOD OF IMAGINARY INVERSION. 
By Dr. F. H. Sarrorp, CamBripGr, Mass. 
This paper is based on a well known theorem of Lord Kelvin* whieh 
shows that, if V (2yz) is a solation of Laplace’s Equation, 
(ha ky ke) 
(1) 
| is also a solution of Laplace’s Equation. Here space has been subjected to 
inversion with regard to a sphere of radius } 4 described about the origin as 
centre. In (1) ¢ is the distance from the origin to the point (yz). 
This theorem is usually applied in the case of real inversion, but in this 
paper the inversion will be imaginary, while the real results depend upon the 


fact that a certain cone system becomes a toroidal system by inversion. 

The problem proposed is to deduce solutions of Laplace’s Equation, in 
terms of curvilinear codrdinates corresponding to a toroidal system, from a 
certain class of solutions (see equation (5)) in terms of polar coordinates. The 
results obtained are not new, and their uses, being well known, need not. con- 
cern us here. The interest lies in the method used which brings out in an 
elementary manner the connection between two problems usually treated as 
quite distinct. 


The equations of the cone system to be employed are 


+ fa (3) 
y= wrtang (4) 


These surfaces correspond to the ordinary system of polar codrdinates for 
which V of Laplace’s Equation may be written 


V = + cos ng + B, sin ng]. 

(cos #) + (cos . (5) 

i 

The next point to be considered is the transformation which will change 

the system of cones, spheres, and planes into the toroidal system of surfaces. 


* See, for instance, Lecons sur L’Electricité et Le Magnetisme. Pierre Duhem, Paris, 1891, 
Tome I, Ch. VIII. 
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cf Since both systems contain a family of meridian planes, it is desirable to 
preserve the axis of the planes of the cone system, and thus have one family 
‘ | of planes pass into the other. It follows that the centre of inversion must be 
at a point on the axis of 2. 
a The transformation which will leave the meridian planes unchanged may 
a be written in detail as follows: 
The constants a, 4, 4 are not restricted at present. 
As the result of the transformation of the family of spheres, equation (3) 
takes the form, after dropping subscripts, 
— + 4+ 24 Qe 4+ B) 4+ Bazk + 2abk + (9) 
iM Equation (9) represents a family of spheres whose common circle of inter- 
section is in the plane 
Qaz + k= 0. (10) 
is In order that this plane may become the vy plane, the condition is imposed 
+ k= 0. (11) 
Equation (9) now becomes 
(40? 9? 
4° — By 
. If 4 be the angle between any sphere of equation (12) and the zy plane at 
io their intersection it can be shown that 
cot = + a | (13) 
J 
The fact that angles are unchanged by inversion shows that 3 is also the 
angle between the two corresponding spheres of equation (3). Finally, equa- 
: tion (12) has the form 
etiyt 2a + cot (14) 
F a family of spheres, whose circle of intersection is 
(15) 
/ 


4 
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The family of cones of equation (2), when subjected to the transformation 
defined by equations (6) (7) (8) (11), becomes 


Ab? (x? + 7?) 


tan’ # 


(16) 
For convenience later, a new parameter a will be introduced in place of 4 
through the equation 

tan’ # + tanh’ 0. (17) 
Equation (16) is now 
2 — 46? (2’ 4 7") 


(2? + { — (18) 
tanh? « 


Equation (18) represents a family of anchor rings where is the dis- 


bi 
tanh « 

tance from the centre of the family to the centre of any generating circle, and 
the radius of this cirele is = be , 
sink 

It remains to determine the correspondence between the real and imagi- 
nary surfaces of the two systems. 

To have real anchor rings the radii of the generating circles must be real 
and less than the respective radii of the rings. 

These conditions will be fulfilled if @ is taken as real and 4 as pure imag- 
inary. 

Making this assumption for 4, equation (14) shows that, when cot / is real, 
the orthogonal spheres are real. 

From equation (13) it follows that 

+4 | + od is to be real. 
k? | 


Tt is found desirable later to introduce the condition 
474 =—0, (19) 


and in that case 7, which is the radius of any sphere of the cone system, is 
complex. 

This condition does not restrict > since # may be chosen at pleasure. It 
is to be noticed that the value of 4 fixes the one constant element of the toroi- 
dal family, viz., the circle of intersection of the spheres. The assumptions 
regarding and make pure imaginary. 

From the discussion above it appears that the real rings of the toroidal 
system come from imaginary cones, and the real spheres come from imaginary 


spheres. 
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No values can be assigned to a, 4, # such that the real surfaces of the 
cone system become the real surfaces of the toroidal system. 

Having obtained a transformation which changes the cone system into a 
toroidal system, and having an expression for V (equation (5)) for the cone 
system, the next subject is the application of Lord Kelvin’s method to the 
problem of obtaining an expression for V for the toroidal system. 


The factor ~ which appears in formula (1) is, from equation (5), 


From equation (14) 
(eos 3 + isin (21) 
From equations (14) and (18) 
bi sin (22) 
From equations (21) and (22), equation (20) becomes 
Co (cosh eos (3)? (cos + sin (23) 


Mquation (5) expresses Vin terms of the parameters 7, ¢, 4. 
Let 7 be replaced by 4 through equations (13) and (19), and let 4 be 
replaced by @ by meaus of equation (17). Equation (5) then becomes 
A, (sin cos 3)" + B, (sin 72 cos 


(A, cos ng sin (cosh a) (cosh (24) 


The expression for J” for the toroidal system is now written at once by 
means Of equations (23) and (24), giving 


V = (cosh a cos 3)! [ Ay cos (m + + B, sin + 
(A, cos ng + B, sin ng) (cosh a) + (cosh (25) 


Equation (25) is the solution of the problem previously stated. 

The parameters 4, ,3, ¢, correspond to the surfaces of the toroidal system, 
and appear singly in each factor except the first. 

The first factor is a function of both a and # but does not contain the 
accessory parameters 7 and n. 


Equation (25) differs materially from the result ordinarily given (see 


a 
r 
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Byerly’s Fourier Series and Spherical Harmonics, § 143). To obtain that 
form of solution it is necessary to consider the equation from which 


(cos 0) + (cos 


in equation (5) was derived, viz, 


1 d | ) 
= S { +) — 9 ) 
In equation (34) the substitution is made 
L. (sin (27) 


The result is 


CL { n= ) 
=f m(m + 1)— 2=0. 28 
A second substitution is then made 
(29) 


Equation (28) becomes 


The solution of equation (30) is 


= + (2) 


(¢ cot #) + DQ (7 cot A). (31) 
Equation (26) then has the solution 
4 = (sin (4 cot #) + DQ (i cot @)). (32) 
From equation (17) 
(sin = (sinh a)- (33) 
@. cot # = coth a. (34) 
The final form of the solution of equation (26) is 
6 = C, (sinh (CPs! (coth a) + DEM (coth a)]. (35) 


Using equation (35) in the reduction of equation (5) gives the following 
to replace equation (25): 
V=C (cosh = cos ;3)! 
= 


[A, cos ng B, si 
(sinh a)! [A, + Bb, sin ng| 


[A, cos (m + 4) 3 + Bysin (m + 4) (coth a) + (coth a)]. (36) 


” 
t 
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If 2 be defined as the distance of a point, (xyz), in the toroidal family, 


from the axis of symmetry, then from equations (14) and (18) 


sinh « 
B= 


In equation (36) let the substitutions be made 


mt+t+=—p 


Equation (36) now assumes the more familiar form 


V = (A cos(y + $)¢ + Bsin(g + 


[> 
u 


[A, cos ps + sin (CP? (coth a) + DQ? (coth a)}. 


It is in this form that the result is ordinarily given. 


Harvarp University, March, 1897. 
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